Introduction {#Sec1}
============

The majority of bird species are diurnal and thus experience changes in light intensities associated with daily, lunar or seasonal cycles. Not surprisingly, light has an immense impact on many aspects of avian physiology, biology and ecology. In birds, three organs (eyes, pineal organ and hypothalamus) regulate photoperiodism and circadian rhythms^[@CR1],\ [@CR2]^. The orientation of the avian magnetic compass depends on interactions between blue light and photoactive molecules in the retina^[@CR3]^. Illumination timing affects duration of singing, development of the reproductive system, testosterone levels and moult in male birds^[@CR4],\ [@CR5]^. Similarly, illumination timing and light spectrum regulates the hormonal control of fecundity in females; a mechanism used by man for decades to maximize egg production in domestic hen (e.g. *Gallus domesticus* ^[@CR6]--[@CR9]^), but also observed in wild birds^[@CR10]^.

A recent study^[@CR11]^ has shown that in many bird species eggshells are transparent enough for light to reach the photoreceptors of developing embryos. Moreover, for the majority of species, illumination levels at the nest and incubation behavior of adults (so called off-bouts) do not eliminate light completely^[@CR12]^. According to a recent review^[@CR13]^, an exposure to light during incubation may positively affect various aspects of bird physiology including: thermo-regulation, photo-acceleration of embryos development, lateralization, circadian rhythm, DNA repair through photo-reactivation and antimicrobial defense. Thus far, most of the above hypotheses have not been rigorously tested, especially in wild birds. However, there is experimental evidence of photo-acceleration of embryo development for both wild species^[@CR14],\ [@CR15]^ and the domestic hen^[@CR16]--[@CR20]^. Light may also be beneficial for nestling growth and health. For example, domestic chicks exposed to constant light gain significantly more weight compared with controls reared on a 12L:12D light cycle^[@CR21]^. Light of the shortest wavelengths (UV) may also play a crucial role in normalizing bone growth in chicks by stimulating the synthesis of vitamin D~3~ ^[@CR22]^. Finally, light conditions at the nest site may also affect brood rearing behaviour of adult birds. For example, in cavity nesting species, the minimum required amount of light seems to be necessary for birds to see and feed their young efficiently^[@CR23],\ [@CR24]^. Although recent studies have shown positive influence of light on birds breeding biology, its negative effect (e.g. in sleep disruption by artificial light) has been also reported^[@CR25],\ [@CR26]^.

Considering the potentially beneficial effects of light on avian embryo development, nestling condition and adults' behaviour, a variety of mechanisms that could improve nest light environment could evolve. It has been demonstrated that eggshell pigmentation modifies its transparency depending on ambient light spectrum and intensity. Eggshells of species living in darker environments tend to be less pigmented compared to eggshells of species that nest in open habitats to compensate for the light deficiency^[@CR11]^. Another mechanism that can enhance egg illumination is incubation off-bouts when clutches usually remain uncovered for short periods of time^[@CR27]^. The main function of this behavior is to forage^[@CR27]^ however, another non-exclusive explanation is that off-bouts provide light for developing embryos^[@CR12]^. In cavity nesting species, where light intensity is very low, the height of the nest layer may improve illumination, as it can be negatively correlated with a cavity depth^[@CR23],\ [@CR24],\ [@CR28]^. Finally, parents may choose among available nest sites those sites that provide the most favorable light conditions for developing offspring^[@CR24]^.

Despite a growing body of evidence of the importance of light for the condition of avian embryos and nestlings, there are virtually no studies testing the role of light on nest site selection in birds. The only exception is an experimental study performed on domestic hens in artificial laboratory conditions^[@CR29]^. In wild living species, there are only a few observational studies of nest box breeding birds, from which no solid conclusions can be drawn^[@CR30]--[@CR32]^ (see details in Discussion). Marked preferences for light nest sites should be especially pronounced in cavity-nesting species, which experience very low intensity of light, especially in a deep cavities^[@CR23],\ [@CR24]^.

This study has twofold goals. The first is to test experimentally whether light intensity has an effect on nest site selection. We used a secondary cavity-nesting species, the great tit (*Parus major*) breeding in nest boxes with modified interior illumination. Considering a general positive effect of light on nestling condition and adults' behaviour, we predicted that nest boxes with elevated brightness would be occupied more often and earlier in the season, comparing to control, dark analogues. The second goal of the study was to test how light conditions affects nest building behaviour of adult birds. We predicted that in standard, dark nest boxes birds will build higher nest comparing to bright nest boxes, which is a mechanism that regulates the amount of interior light.

Results {#Sec2}
=======

Illumination inside nest boxes {#Sec3}
------------------------------

During the nest box occupation period (between 5 and 15 April), both the light transfer and the illumination were lower in dark nest boxes (Me = 0.02%, Q~25--75%~ = 0.01--0.03; Me = 1.41 lx, Q~25--75%~ = 1.04--2.19, respectively), compared to bright nest boxes (Me = 0.88%, Q~25--75%~ = 0.42--1.11; Me = 52.67 lx, Q~25--75%~ = 42.83--62.28, respectively). The differences were strongly statistically significant, both for light transfer (Mann-Whitney *U* test; Z = −8.393, n = 95, p \< 0.001) and illumination (Mann-Whitney *U* test; Z = −8.393, n = 95, p \< 0.001).

The height above the nest box floor had a significant effect on internal illumination in both bright (Friedman test, Q = 67.267, df = 5, p \< 0.001) and dark nest boxes (Friedman test, Q = 69.590, df = 5, p \< 0.001; Fig. [1](#Fig1){ref-type="fig"}). The detailed results of multiple pairwise comparisons using Nemenyi's procedure are shown in Table [1](#Tab1){ref-type="table"}. In dark nest boxes, there was a gradual increase of illumination (Fig. [1](#Fig1){ref-type="fig"}) and light transfer between 2 and 20 cm above the nest box floor. In bright nest boxes, there was an increase in illumination reaching the highest value at 10 cm followed by a decline to 18 cm and a small increase at 20 cm (Fig. [1](#Fig1){ref-type="fig"}).Figure 1Illumination at different distances from the base of the nest box. Explanations: grey - dark nest boxes; white - bright nest boxes. Table 1Pairwise differences in illumination at different distance from the nest box floor in brightened and dark nest boxes. Results shown are significance levels (*p*) of Nemenyi's post hoc tests.Type of nest boxDistance from the nest box floor610141820Bright2n/s**\<0.01**n/sn/sn/sDarkn/sn/s**\<0.01\<0.01\<0.01**Bright6n/sn/s**\<0.01\<0.01**Darkn/sn/s**\<0.01\<0.01**Bright10n/s**\<0.01\<0.01**Darkn/s**\<0.05\<0.01**Bright14**\<0.01\<0.05**Darkn/s**\<0.05**Bright18n/sDarkn/s

Nest site choice {#Sec4}
----------------

The results of the logistic regression showed a significant effect of nest box internal illumination (nest box type), previous-year occupation, and study site on nest box choice (results shown in Table [2](#Tab2){ref-type="table"}). However, the most important effect was the nest box type, which was indicated by the highest odds ratio (OR, Table [2](#Tab2){ref-type="table"}). The proportion of bright and dark nest boxes occupied by great tit was 1.9:1 (Fig. [2](#Fig2){ref-type="fig"}). Both study sites II and III were more attractive for individuals than study site I. Moreover the interaction between study site and nest box type was not significant, which means that nest box choice was not linked to study site. The effect of previous-year occupation was also statistically significant but its' odds ratio was lower than the other significant factors. We performed two goodness of fit tests supporting our logistic regression model: Omnibus Tests of Model Coefficients: χ²~(6)~ = 28.73; p \< 0.001 and Hosmer & Lemeshow χ²~(7)~ = 2.23; p = 0.946.Table 2Logistic regression model assessing predictors of nest box occupation by great tits in 2016. Study site (1) and (2) refers to dummy variables (see Methods).PredictorβSEβWald'sdfpOR (95% CI)Nest box type1.8640.619.3481**0.002**6.45 (1.95--21.3)Occupied in 20151.0870.4256.5331**0.011**2.97 (1.29--6.82)Study site007.6962**0.021**Study site (1)1.7560.7046.2211**0.013**5.79 (1.46--23)Study site (2)1.7330.7964.7431**0.029**5.66 (1.19--26.94)Study site\* Nest box type2.32220.313Study site (1)\* Nest box type−1.3470.9721.92310.1650.26 (0.04--1.75)Study site (2)\* Nest box type−1.1551.0651.17710.2780.32 (0.04--2.54)Intercept−2.3410.56117.3971**0.000**0.10 Figure 2Nest box occupation by great tits in relation to light conditions. Grey bars -- occupied, white bars -- unoccupied.

The second measure of nest site preference was the sequence of nest boxes occupancy expressed by the first egg laying date (Table [3](#Tab3){ref-type="table"}). We did not find any effect of the nest box internal illumination (Table [3](#Tab3){ref-type="table"}). However, the result of the GLM showed a significant effect of study site on the nest box occupation sequence pattern (Table [3](#Tab3){ref-type="table"}). There was a weakly significant trend towards nest boxes at site II being occupied significantly earlier comparing to the site I (Tukey's *post hoc* test, p = 0. 049).Table 3Results of GLMs explaining variation in nest box occupation sequence and nest height.Explanatory variablesMean SquareFdfpOccupation sequenceNest box type25.481.5910.216Study site81.825.092**0.011**Occupied in 20153.070.1910.664Nest heightNest box type247.0734.791**\<0.001**Study site6.580.9320.406Clutch size15.282.1510.151Egg laying date11.481.6210.212

Nest height {#Sec5}
-----------

The mean ( ± SD) height of the nest bottom was significantly greater in dark (10.23 cm ± 2.44) than in bright boxes (4.78 cm ± 2.66; Table [3](#Tab3){ref-type="table"}, Fig. [3](#Fig3){ref-type="fig"}). Among the tested factors, only nest box type significantly influenced nest height, while the effect of egg laying date, study site and clutch size remained not significant (Table [3](#Tab3){ref-type="table"}).Figure 3The mean nest height (white bars) and nest depth (grey bars) in dark and bright nest boxes, data collected in 2015 and 2016. Error bars shows 95% confidence intervals.

Discussion {#Sec6}
==========

The results presented in this study provide the first known experimental evidence for the importance of light in the nest environment of a wild-living avian species. Great tits chose nest boxes with artificially elevated illumination almost twice as often compared to standard dark nest boxes. Beside of nest site choice, light inside nest boxes affected also the nest building strategy. Great tits tuned the nest height to gain the greatest illumination for the nest-cup contents in a given nest box type.

Existing data on avian preferences to occupy well illuminated nests sites are sparse and based mainly on observational studies. The only experimental survey was performed on domestic hens^[@CR29]^. Birds could choose between dark and artificially illuminated nest boxes to lay eggs. The main assumption of that study was that hens prefer dark sites because lower illumination is evolutionary associated with more concealed and thus safer nest sites. However, only one of four experimental groups of hens followed this pattern. Moreover, preferences for nest sites with lower illumination depended also on the maturity and earlier experience of birds. In another study^[@CR32]^, nest box use by American kestrels (*Falco sparverius*) depended on internal illumination during the nestling period but not during the nest site selection period. This result suggested some importance of light in nest-site choice, but due to the observational nature of the study, they could also be a product of a correlation between illumination and other habitat variables, e.g. the degree of nest box concealment by vegetation^[@CR32]^. In a number of studies, bird preferences for interior coloration of nest boxes have been observed. Nest boxes painted white are favored compared to those painted black or unpainted in the following species: common goldeneye (*Bucephala clangula)* ^[@CR31]^, pied flycatcher (*Ficedula hypoleuca)* ^[@CR33]^, eastern bluebird (*Sialia sialis*) and house sparrow (*Passer domesticus)* ^[@CR34]^. In contrast, starlings (*Sturnus vulgaris*) show high preference for black interiors^[@CR30]^, whereas for tree swallows (*Tachycineta bicolor*) and house wrens (*Troglodytes aedon*), no evident pattern has been reported^[@CR35]^. Those findings could be interpreted as a preference for brighter nesting conditions because light reflected from white walls increases overall internal illumination^[@CR33]^. On the other hand, those experimental designs do not allow the separation of the effect of light from the effect of walls' coloration or presence of paint. The importance of light conditions on nest site choice in secondary cavity-nesters breeding in natural conditions was investigated in Białowieża primeval forest (E Poland)^[@CR23],\ [@CR24]^. These findings demonstrate that mesopic-scotopic range of illumination that occurs in nest-holes is close or below a threshold enabling color vision^[@CR36]^. Thus, many tree cavities may be too dark to be usable by birds, which might explain their underutilization by birds^[@CR24]^. This assumption is indirectly supported by the fact that nests of collared flycatchers (*Ficedula albicollis*) in cavities with entrances oriented upward (and potentially entering more light), were located deeper compared to cavities with entrance oriented sideward^[@CR24]^.

Nest-site selection in birds is a complex decision-making process, which involves many factors of varying importance (e.g. food availability, nest site availability and social environment^[@CR37]^). In the studied population, beside the nest box illumination, these were previous year nest box occupancy and habitat type. These findings are consistent with previous studies suggesting, that birds assess nest site attractiveness using evidence of successful breeding left by former residents or themselves the previous year^[@CR38]^. Habitat preferences for sites dominated by oak (*Quercus petrea Liebl*.) have previously been observed in other great tit populations^[@CR39]^ and are most likely to be an effect of better foraging conditions. Oak is the most important host-plant for caterpillars^[@CR40]^, which are a crucial component of great tit nestling diet^[@CR41]^. Habitat preferences were mirrored by the sequence of nest box occupancy found in our population. We observed the earliest egg laying in oak-dominated sites. In many bird species, including great tits^[@CR39]^, the sequence of occupancy of breeding areas depends on quality of habitat patches. The best habitats are occupied first, followed by suboptimal and marginal ones^[@CR37]^. Contrary to our expectations, brightened nest boxes were not occupied earlier than dark ones. The most plausible explanation of this pattern is that brightened nest boxes were not limited in the study area. Great tits occupied less than a half of the available nest boxes and 29 brightened nest boxes were left unoccupied by any bird species. This suggests that preferred nest sites were not limited in the study area, so they were not likely be an object of severe competition. Another explanation is that nest box (territory) occupation took place long before nest building and is not correlated with the timing of reproduction. On the other hand, the date of egg laying may be determined by food availability which was equal for bright and dark nest boxes.

Great tits that chose dark nest boxes built significantly deeper nests compared to birds breeding in brightened nest boxes. Several lines of evidence suggest that this relationship was shaped by preferences for light. First, illumination inside dark nest boxes showed an increasing trend from the nest box bottom to the entrance hole. This correlation is intuitive, as the entrance hole is the only source of light in cavities (compare^[@CR23],\ [@CR24]^). Thus, selection for building higher nests appears to be the only mechanism that enables improvement of light conditions in the dark, unmodified cavities. On the contrary, in brightened nest boxes, light remained at very high level (\>10 lux) across the entire depth of the nest box. In such conditions birds do not need to build high nests to obtain the desired illumination. Because nest building is a condition-dependent behavior^[@CR42]--[@CR44]^, we may therefore expect, that in the absence of other selective pressures, birds build shallower nest to save time and energy for other activities. Another advantage of building shallower nests is to decrease predation risk by increasing the distance between nest contents and the entrance hole^[@CR45]^. Our results provide the first experimental evidence that cavity-nesting species actively manipulate nest height to achieve the desirable amount of light in the nest cup. Great tits, and many other cavity-nesting passerines, built nests of a greater height when compared to other similar sized open-nesters. Moreover, many studies report great variability of their nest dimensions, even in nest boxes^[@CR46]^. To date, no explicit explanation for selective pressures for building deeper nests in cavities have been found. It has been suggested that deeper nests provide protection from soaking^[@CR47]^ or plays a role in sanitation^[@CR48]^. However, unlike horizontal dimensions^[@CR49],\ [@CR50]^, nest height is not related to various parameters of breeding success^[@CR46],\ [@CR49],\ [@CR51],\ [@CR52]^ (but see ref. [@CR53] for a positive relationship between the nest depth and breeding success in blue tits). On the other hand, building big nests is a costly and condition-dependent process, which has been demonstrated for tits^[@CR42]--[@CR44]^ and other bird species (reviewed^[@CR54]^). The costs of building larger nests encompass not only greater time and energy expenditures^[@CR54]^, but also longer exposure of adults for predators^[@CR55]^. Our results show that illumination may be one of the most important, and generally overlooked factors, causing selection for higher nests of cavity-nesting species.

Most of the previous studies focused on the role of nest predation as the main force reducing nest height in cavity nesting passerines. Studies in natural conditions demonstrate that there is a minimal distance between the entrance hole and the nest-cup which prevents terrestrial predators like pine martens (*Martens martens*) from reaching the nest content with their paws (so called "danger distance"^[@CR45]^). To obtain the desired greater entrance-nest-cup distance, birds may choose deeper cavities, build shallower nests or both. Experimental and observational studies seem to confirm this mechanism. Great tits that bred in taller nest boxes (with longer entrance-floor distance) built deeper nests compared to shallower nest boxes^[@CR56]^. The same pattern was reported from a great tit population breeding in natural nest holes^[@CR28]^. Similarly, the nests of great and blue tits breeding in nest boxes fitted with anti-predator entrance tubes were higher compared to a control nest boxes with standard entrances^[@CR57]^. However, it is important to notice that cavity (or nest box) depth affects both light conditions and predation risk, so the effect of both factors on the nest depth might be difficult to untangle. We therefore cannot rule out the possibility that greater nest height in predator-safe nest boxes at least partially an effect of compensating for low light in deep cavities.

Although illumination had an overwhelming effect on nest depth in our population, in most cases it is a result of a trade-off between different conflicting selection pressures, e.g. predation and light. For example, nesting further from the entrance would give collared flycatchers a selective advantage due to predation avoidance^[@CR24]^. Despite that, many flycatchers build nests relatively close to the entrance which makes them accessible to pine martens, but on the other hand, probably also provides the minimal amount of light for the brood^[@CR24]^. In our study, the mean nest height in dark nest boxes (ca. 10 cm) was below the greatest illumination level (ca. 20 cm). This result suggests that both illumination and predation avoidance may influence the height the bottom of nests of great tits.

Our results imply an important question: why have preferences for light in the nest environment evolved? Although there are a number of hypotheses pointing at possible advantages of exposing the clutch and/or nestlings to the light^[@CR13]^, experimental studies testing these in wild birds are rare. Laboratory experiments on house sparrows^[@CR14]^ and blackcaps (*Sylvia atricapilla*)^[@CR15]^ showed that longer exposure of eggs to light increase the rate of embryonic development and confirms the photo-acceleration hypothesis previously tested on poultry. It is important to notice that the response to light in blackcaps was weaker than in house sparrows, which could result from higher light-sensitivity of the cavity-nesting species^[@CR15]^. There are some premises that better illumination at the nest site may be beneficial for parents by improving their ability to assess nestling visual begging signals (i.e. mouth coloration)^[@CR58]^, discrimination between their own and parasitic eggs^[@CR59],\ [@CR60]^ or to aid in general orientation in dim cavities^[@CR23],\ [@CR24]^. Future surveys are needed to investigate the possible fitness consequences of light within nest sites of birds. Such studies should embrace both physiological effects of light on early stages of nestling development (e.g. growth rate, condition, functional lateralization) and light-dependent effects on adults' behavior (e.g. incubation, feeding strategies).

Our study opens new avenues for further research on light-dependent nest site selection in birds. Further studies are needed to investigate whether light preferences are consistent within different ecological groups of birds. We may expect that light might be less important in open-nesting species due to higher overall illumination and selection may even favor behaviors that limit access of light to eggs and nestlings (see ref. [@CR13]). On the other hand, even some cavity-nesting species may avoid bright sites^[@CR30],\ [@CR34]^ if they are perceived as less secure (compare^[@CR29]^). The separation of effects of illumination and nest concealment will be one of the most challenging methodological problems in future studies on the importance of light on nest-site selection.

Methods {#Sec7}
=======

Study area and nest boxes {#Sec8}
-------------------------

The study was conducted on a population of great tits breeding in nest boxes in Wielkopolski National Park, Western Poland, in 2016. In 2014, nest boxes (n = 159) were placed at regular 50 meter intervals on 3 study sites (I--III), in a total area 48,35 ha. The number of boxes differed between study sites: I -- 89, II -- 42, III -- 28. Every box was hung at a height of three meters with the entrance hole oriented South-East to standardize light conditions during the day. All the nest boxes had the same size, with internal dimensions of 12.0 × 16.0 × 36.0 cm and the entrance with diameter of 3.3 cm located 24 cm from the floor. To facilitate access to the nest, every nest box was equipped with a "drawer" (12.0 × 16.0 × 12.0 cm), where nests were built. All nest boxes were fitted with two 5.0 cm diameter resin windows ([www.Handykam.com®](http://www.Handykam.com)) located in side-walls (one on each side), 14 cm from the bottom. The windows were opaque at the degree that prevents seeing interior of the nest box and transparent enough to let the light in. Each window was equipped with an adjustable shutters made of black plastic sheets.

General procedures {#Sec9}
------------------

From the middle of March 2016 onwards, nest boxes were checked regularly to determine the date on which the first egg was laid and to quantify clutch size. We quantified nest size by using two variables: the depth of nest^[@CR61]^, which was an average of the maximum height of the nest material measured in four corners of the nest box and the height of nest, which was a distance from the nest box floor to the deepest point of the nest-cup bottom. Measurements were performed using a ruler (to an accuracy of 5 mm) and caliper (to an accuracy of 1 mm), respectively. We measured in total 48 nests at the end of the egg laying stage. Both measurements were highly and positively correlated (Pearson: r = 0.97, p \< 0.01, n = 48), so in a further analysis we used only nest height. The same nest box monitoring and nest measurements were performed in 2015 when no internal nest box illuminance was modified (i.e. all nest boxes were naturally dark). This data set was used as additional control group (beside dark nest boxes in 2016) to analyze the effect of nest box internal illumination on nest dimensions. Moreover, nest box occupation data collected in 2015 was used as explanatory factor in nest site choice analysis in 2016, because of its potential influence on nest box attractiveness (see ref. [@CR38]).

Experiment design {#Sec10}
-----------------

To test the effect of nest box illumination on nest site choice and nest building behavior, we manipulated illumination inside nest boxes. Between September 2015 and early March 2016, shutters in all nest boxes remained closed. At the beginning of nest site choice period (16--17 March 2016), windows were opened in every second box creating two types of nest boxes: "bright" -- with opened shutters (n = 79) and "dark" -- with closed shutters (n = 80). In addition to great tits, three other species bred in the nest boxes: pied flycatchers (n = 2), blue tits (n = 16) and European nuthatches (*Sitta europaea*, n = 12). These nest boxes were excluded from further analysis; therefore the final number of bright and dark nest boxes was 67 and 62, respectively. Opening shutters significantly increased both absolute illuminance and light transfer in bright nest boxes comparing to dark nest boxes (see Results). The old nest material was removed from all nest boxes in the autumn preceding the experiment.

Although all nest boxes used in the study were identical with respect to the material used, dimensions and all construction details, opening windows could potentially increase internal temperature, what in turn could influence nest box choice. Therefore, we set temperature loggers (i-Button, Maxim Integrated®) in 91 randomly selected nest boxes (47 dark and 44 bright). They were located on the internal side of the front wall, about 5 cm below entrance hole. Temperature measurements were taken every 30 minutes, from 18 March to 10 April 2016. The time of measurements falls into the limits of nest choice period in great tits in the studied population, which spans between mid-March and mid-April. There were no significant differences in the mean (±SD) day temperature between both groups (dark nest box: 8.39 °C ± 0.28; bright nest box: 8.38 °C ± 0.33; t = 0.096, df = 89, p = 0.924), therefore we did not include temperature in the nest site choice analysis.

Light measurements {#Sec11}
------------------

Two measurements of illumination inside nest boxes were performed. The first one took place within the time of nest site choice, between 5 and 15 April 2016. We measured randomly chosen 46 dark and 49 bright nest boxes with no visible evidence of nest material. The purpose of this measurement was to assess the efficiency of opening windows in bright nest boxes comparing to dark nest boxes. The illumination was measured about 2 cm above the nest box floor. The second measurement was performed between 6 May and 8 June, which corresponds to the time of incubation in the studied population. In order to prevent disturbance to broods, we used only nest boxes unoccupied by great tits. We measured 16 randomly chosen nest boxes. The purpose of this measurement was to assess how illumination inside nest box depends on the distance from the nest box floor. We measured illumination 2, 6, 10, 14, 18, 20 cm above the floor. The first measurement was done by putting the lux meter head (of 2 cm height) on the nest box floor. To obtain other heights, we put lux meter head on 4, 8, 12, 16 and 18 cm high cartoon boxes. In the case of two last measurements (18 and 20 cm), windows were partially and completely covered by cartoon boxes, respectively. In each nest box, all measurements were performed twice: with open and shut windows.

Measurements inside nest boxes were performed with a lux meter pointed toward the nest box ceiling. All the measurements per given nest box/distance from nest box floor were taken three times and then averaged. To assess precision of the light measurements, we calculated repeatability^[@CR62]^ within three measurements taken at the nest box floor in dark and bright nest boxes during the nest site choice period. Analyses show that our measurements were highly and significantly repeatable in both bright and dark nest boxes (r \> 0.99, ANOVA, F~48,\ 98~ = 217, p \< 0.01; r \> 0.99; ANOVA; F~45,\ 98~ = 94.72, p \< 0.01, respectively). Repeatability of measurements performed during the egg incubation period at six heights in bright and dark nest boxes was also significantly high (r \> 0.99 in all cases). Measurements were performed during constant weather conditions (sunny, clear sky), between 08:00 AM and 02:00 PM. Time of measurement may affect brightness level inside nest boxes due to changes of the sun's position. To cope with this problem, we measured bright and dark nest boxes alternately. There was no significant difference in the time of light measurement between dark and bright nest boxes measured during the time of nest site choice (Student's *t*-test, t = 0.47, p = 0.64) and during the time of egg incubation (Mann - Whitney *U* test, Z = −1.597, p = 0.11).

All measurements of illumination were taken by using lux meter LS-100 (Sonopan®, Poland) with accuracy 0.001 lux. Each internal light measurement was preceded by the measurement of the ambient light entering the nest box through the entrance hole. These measurements were performed at the nest box entrance hole with a head of the lux meter was pointed perpendicularly to the nest box front wall. There was no difference in the illumination at the entrance between dark and bright nest boxes (Mann -- Whitney *U* test, Z = −0.015, n = 95, p = 0.988).

We analyzed two measures of light intensity inside the boxes: the absolute illumination, hereafter illumination and the percentage of ambient light that reaches the interior of the nest box, hereafter light transfer.

Data analysis {#Sec12}
-------------

We examined the normality of data distribution using Shapiro-Wilk tests. When data was not normally distributed, non-parametric tests were applied. In the nest site choice experiment, the binomial dependent variable was 'nest box occupation' (1 -- occupied, 0 -- not occupied) and was tested by using logistic regression model (LOGISTIC). In this model we used two binomial explanatory variables 'type of nest box' (1 -- bright, 0 -- dark) and 'occupation in 2015' (1 -- occupied in 2015, 0 -- not occupied in 2015). We also used one categorical independent variable, which was 'study site' (0 -- site I, 1 -- site II, 2 -- site III). In the logistic regression model, categorical variables with more than two levels were recoded into binominal dummy variables^[@CR63]^. In this procedure "study site I" was used as baseline, which means that each other study site (II and III) was compared in the model with "study site I". Model fit was tested with Omnibus Tests of Model Coefficients (*p* \< 0.05 indicates good fit) and Hosmer and Lemenshow Tests (*p* \> 0.05 indicates good fit)^[@CR64]^.

To analyze the variation in nest height and the sequence of nest box occupation, we used type III General Linear Model (GLM) with type of nest box (bright or dark) and study site (I, II or III) as the grouping factors. In the nest height model, we used clutch size and the date of first egg lay as covariates. Both factors are often related to an individuals' quality in birds, i.e. superior individuals breeds earlier and lay bigger clutches^[@CR65]--[@CR67]^. On the other hand, nest size may reflect individual quality^[@CR49]^. Therefore, we controlled the potential effect of clutch size and the date of first egg lay on the nest height variation. In the sequence of the nest box occupation model, we used the date of first egg lay (converted to Julian date) as a dependent variable. In both models the interaction terms were removed when non-significant. All tests were two-tailed and the alpha level for significant differences was set to 0.05. All statistical analyses were conducted in SPSS Statistics (v.23, IBM). Descriptive statistics were presented as a mean ± standard deviation or as a median (Me) with the first and the third quartile (Q~25--75%~).

All methods were approved by the Local Ethical Committee and State Office for Environment Protection and performed in accordance with Polish law.
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